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A large hydrogen negative-ion source with an external magnetic filter has been developed for a
neutral beam injection ~NBI! system in the Large Helical Device ~LHD!, and a high-energy and
high-current H2 ion beam has been produced. The ion source is operated at a high arc efficiency of
0.1 A/kW at an operational gas pressure of less than 3.5 mTorr, and produces 47 keV–16.2 A of a
H2 ion beam from a grid area of 25 cm350 cm. With two-stage acceleration, 13.6 A of a H2 ion
beam has been successfully accelerated to 125 keV. Multibeamlet focusing by the aperture
displacement technique has been achieved 11.2 m downstream with a gross divergence angle of 9
mrad. The alternate beamlet deflection by the magnetic field at the extraction grid, which results in
beam broadening in the deflection direction, was well compensated also by the aperture
displacement technique. These results satisfy the specification of the negative-ion-based LHD–NBI
system. © 1996 American Institute of Physics. @S0034-6748~96!02302-0#
I. INTRODUCTION
A high-energy and high-current negative-ion source is
required for a negative-ion-based neutral beam injection
~NBI! system in the next step fusion experimental devices
such as ITER.1 In the Large Helical Device ~LHD! which is
the world largest superconducting helical system,2 a 20 MW
negative-ion-based NBI system is also planned with an en-
ergy of 125 keV~H!/250 keV~D!,3 and high-power negative-
ion source development is being intensively performed
aimed at starting the injection in 1998. A LHD–NBI ion
source is required to deliver 45 A of a negative-ion current
with a current density of 30 mA/cm2 from a grid area of 25
cm3150 cm.3 We have developed a 1/3-scaled external-
filter-type negative-ion source with a grid area of 25 cm350
cm, and obtained 16.2 A of a H2 ion current.4 We have also
achieved a high-energy acceleration of 13.6 A of a H2 ion
beam to 125 keV5 and a multibeamlet focusing with a gross
divergence angle of 9 mrad.6 In this article the experimental
results obtained in this external-filter-type negative-ion
source, such as high-current H2 ion production, high-energy
acceleration, and multibeamlet focusing, are described.
II. STRUCTURE OF A NEGATIVE ION SOURCE
An external-filter-type large negative-ion source4–6 is
shown in Fig. 1. The dimensions of an arc chamber are 35
cm362 cm in cross section and 20 cm in depth. The ion
source is characterized by a large area of strong external
magnetic filter generated by a pair of permanent magnet
rows facing each other with a separation of 35 cm. The cen-
tral filter field strength is 70 G and the line-integrated trans-
verse magnetic field strength is about 850 G cm. The cusp
magnetic field is also strong for an efficient plasma confine-
ment and the field strength is 1.8 kG on the chamber surface.
The strong magnetic filter field and the strong cusp magnetic
field lead to a high negative-ion production efficiency and a
low gas pressure operation.4
Two kinds of negative ion accelerators were used. One is
a two-stage accelerator with five grids—a plasma grid ~PG!,
extraction grid ~EG!, electron suppression grid ~SG!, accel-
eration grid ~AG!, and grounded grid ~GG!, and the other is
a single-stage accelerator with three grids—PG, EG, and
GG. The PG is made of molybdenum and is thermally insu-
lated for raising the PG temperature in the cesium-mode op-
eration. There are 522 apertures of 11.3 mm in diameter in an
FIG. 1. Schematic diagram of an external-filter-type large negative-ion
source.
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area of 25 cm350 cm, except for the experiments of multi-
beamlet focusing where there are 270 apertures in an area of
25 cm326 cm. Permanent magnets are embedded in the EG
for generating the quadrupole magnetic field for suppressing
and deflecting electrons extracted together with the negative
ions. The maximum field strength is 450 G on the beam axis.
This strong magnetic field is effective to the electron sup-
pression.
The ion source is operated with the cesium injection and
two cesium ovens are attached to the sidewall of the arc
chamber. The negative-ion current is measured with calorim-
eter arrays located 2.3, 5, and 11.2 m downstream. The pulse
length is 200–300 ms.
III. EXPERIMENTAL RESULTS
A. High-current negative-ion beam production
For investigating the characteristics of the negative-ion
beam production, the grounded grid was removed from the
five-grid two-stage accelerator, and it was used as a single-
stage accelerator. Figure 2 shows the H2 ion current and the
extraction current as a function of the arc power. The gas
pressure is 3.8 mTorr. The H2 ion current increases propor-
tionally to the arc power at an arc efficiency of 0.1 A/kW,
and reaches 16.2 A with a beam energy of 47 keV, corre-
sponding to a current density of 31 mA/cm2 at the plasma
grid. The strong external magnetic filter and the strong cusp
magnetic field contribute to the high arc efficiency at the low
gas pressure. Although the extraction current increases with
an increase in the arc power, the ratio of the extraction cur-
rent to the H2 ion current is as low as 2.2. The low ratio of
the extracted electron current is realized by the strong elec-
tron suppression magnetic field at the extraction grid.
B. High-energy acceleration of an intense negative-ion
beam
High-energy acceleration of a high-current H2 ion beam
was performed with the five-grid two-stage accelerator. The
accelerated H2 ion current as a function of the total beam
energy is shown in Fig. 3. The gas pressure is 3.4 mTorr and
the arc power is varied from 70 to 160 kW according to the
beam energy. The maximum accelerated H2 ion current at a
given beam energy is dependent on the 3/2-power of the
beam energy. The H2 ion current obeys the space-charge
limited 3/2-power law of the extraction voltage,4 and the
accelerated H2 ion beam properties depend on the electric
field ratio of the extraction gap to the acceleration gap.5,6 As
a result, the accelerable H2 ion current is dependent on the
3/2-power of the beam energy.
The accelerated H2 ion current and the extraction cur-
rent as a function of the gas pressure are shown in Fig. 4.
The total beam energy is 113 keV and the arc power is 90
kW. Even at a low gas pressure of 2.5 mTorr, the arc effi-
ciency is still 0.1 A/kW and the extraction current is not
increased. The gas pressure distribution along the beam axis
is estimated with a Monte Carlo calculation code,7 and the
stripping loss of the negative ions during the acceleration is
calculated. The results show that the stripping loss of the H2
ions is 20% at 3.3 mTorr of a gas pressure in the arc cham-
ber, and that the power ratio of the negative ions accelerated
to the full energy without the stripping is about 95%. There-
fore, an operational gas pressure of less than 3.5 mTorr is
low enough for the NBI application.
FIG. 2. H2 ion current and the extraction current as a function of the arc
power. The gas pressure is 3.8 mTorr.
FIG. 3. Accelerated H2 ion current as a function of the total beam energy.
The gas pressure is 3.4 mTorr and the arc power is varied from 70 to 160
kW.
FIG. 4. Accelerated H2 ion current and the extraction current as a function
of the gas pressure. The total beam energy is 113 keV and the arc power is
90 kW.
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C. Multibeamlet focusing by the aperture
displacement technique
Due to the low negative-ion current density, a large grid
area is required for a high-current negative-ion beam produc-
tion. Therefore, multibeamlets of negative ions should be
focused for an efficient neutral beam injection into the torus
plasma. Steering of ion beamlets by aperture displacement is
effective for the multibeamlet focusing. We have displaced
the apertures of the grounded grid because the steering angle,
u, is proportional to the aperture displacement, d, that is,
u5~Eacc/4WB! d, where Eacc is the electric field on the up-
stream side of the grounded grid and WB is the total beam
energy. Figures 5~a! and 5~b! show the vertical beam profiles
measured 5 and 11.2 m downstream, respectively. The
negative-ion beam is accelerated using the five-grid two-
stage accelerator with a grid area of 25 cm326 cm, and each
aperture of the grounded grid is displaced in order to steer
each negative ion beamlet to a focal point. The total beam
energy is 111 keV, and the focal length is 11.8 m. The cal-
culated profiles using 270 ~18315! multi-Gaussian beamlets
with a divergence angle of 9 mrad are also shown by dotted
lines in the figures. As shown in Figs. 5~a! and 5~b!, the
multibeamlets are well focused, and the e-folding half-width
11.2 m downstream is less than 10 cm for the ion beam
delivered from an area of 25 cm326 cm.
On the other hand, the horizontal beam profile 11.2 m
downstream is broad and split as shown in Fig. 6~a!. Each
negative-ion beamlet is deflected horizontally by the mag-
netic field generated at the extraction grid and the deflection
direction reverses line by line in the vertical direction. As a
result, the horizontal beam profile is observed to be split 11.2
m downstream. The calculated profile indicated by a dotted
line in Fig. 6~a!, where 270 multi-Gaussian beamlets are
used with a divergence angle of 9 mrad and with an alternate
horizontal deflection angle of 68 mrad, well fits the mea-
sured one. To compensate for this alternate horizontal deflec-
tion, the amount of the aperture displacement of the
grounded grid corresponding to the horizontal steering angle
of 68 mrad is added to that for the multibeamlet focusing in
the three-grid single-stage accelerator. Figure 6~b! shows the
horizontal beam profile 11.2 m downstream in this accelera-
tor. Compared with the profile in Fig. 6~a!, the alternate hori-
zontal beamlet deflection by the magnetic field is well com-
pensated for by the aperture displacement technique.
In conclusion, the high-energy and high-current
negative-ion beam has been obtained at a low operational gas
pressure in the external-filter-type large negative-ion source,
and the multibeamlet focusing by the aperture displacement
technique has been achieved with a gross divergence angle
of 9 mrad. From these results the negative-ion-based LHD–
NBI system can be designed and constructed.
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FIG. 5. Vertical beam profiles measured by the calorimeter arrays located
~a! 5 m and ~b! 11.2 m downstream from the ion source. The total beam
energy is 111 keV. The dotted lines show the calculated beam profiles using
multi-Gaussian beamlets with a divergence angle of 9 mrad.
FIG. 6. Horizontal beam profiles 11.2 m downstream in the cases of ~a! the
aperture displacement for only the multibeamlet focusing and ~b! the aper-
ture, displacement for both the multibeamlet focusing and the compensation
of the alternate horizontal beamlet deflection by the magnetic field at the
extraction grid.
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